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(54) Control device for fermenter

(57) The present invention allows biomass and/or bi-
omass-produced components to be obtained at high
yields by executing numeric simulation of flow to reason-
ably identify the running conditions suitable for a ferment-
er. The control device according to the present invention
comprises an input means for entering measured data
from a measurement means, which measures nutrient
components, the concentrations of oxygen, carbon diox-
ide, and biomass in a culture medium; a computation
means for calculating nutrient components uptake rate,
oxygen uptake rate and carbon dioxide exhaust rate per
unit amount of biomass from the measured data entered
atthe aforementioned input means, as well as volumetric
mass transfer coefficient kLa from turbulent energy k and
a turbulent energy dissipation rate e, both of which are
calculated by a transport equation, as well as a diffusion
coefficient D, followed by calculating the concentrations
of the nutrient components, dissolved oxygen, and dis-
solved carbon dioxide in any area in the fermenter using
an algorithm to numerically integrate a differential equa-
tion describing variations in medium components over
time from the calculated nutrient components uptake
rate, the calculated oxygen uptake rate, the calculated
carbon dioxide exhaust rate, and the calculated volumet-
ric mass transfer coefficient kLa; and a display means
for displaying concentration distributions.
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Description
FIELD OF THE INVENTION

[0001] The presentinventionrelatestoa control device controlling a fermenter for culturing biomass such as mammalian
cells or microorganisms.

BACKGROUND OF THE INVENTION

[0002] In an industrial culture, oxygen necessary for biomass to grow in a culture medium containing nutrient compo-
nents such as glucose and glutamine is supplied in a form of a bubble aerating gas or supplied by aeration onto a liquid
free surface while the culture medium is often frequently stirred to grow the biomass, harvesting a responsible material
produced by the biomass. To successfully achieve biomass culture, it is required that inner fermenter conditions suitable
for biomass culture be secured. In contrast, the structure and running conditions of the fermenter contribute to deviation
from these suitable inner fermenter conditions.

[0003] Toensure anincreased volumetric mass transfer coefficient kLa for oxygen in the fermenter, and homogeneous
mixture of the nutrient components and a dissolved oxygen concentration, the culture medium is stirred by impellers. Is
difficult to achieve high k; a and sufficient homogeneity as for high-viscosity culture media. Though an attempt has been
made to experimentally obtain the volumetric oxygen transfer coefficient k a for each type of fermenter, in such an
experimental method (Japanese Patent Publication (Kokai) No. 2001-231544), k| a varies with the tank diameter of the
fermenter, the diameter of bubbles, the diameter of impellers, and the rotation speed and consistently depends on the
type of fermenter. Therefore, this method lacks generality. In the case where aeration onto the liquid free surface and
aerating into the culture medium are combined, the ratio between both two depends on the conditions, making it difficult
to obtain general knowledge. To enhance an increase in k a and the homogeneity, the rotation speed of the impellers
may be increased, though usually, agitation power constraints it. In culturing the mammalian cells, such a problem arise
that to strong agitation may bring the cells to death. To avoid experimental constraints, an attempt has been made to
use fluid numeric simulation in designing the fermenter structure (Japanese Patent Publication (Kokai) No. 2001-75947),
which has provided no knowledge of a fluid field suitable for biomass growth. No method for applying fluid numeric
simulation to control has been established.

[0004] Any starvation of nutrient components in the culture process inhibits growth of the biomass. In many cases,
the components such a lactate, ammonia, and alcohol produced as by-products suppress the growth of the biomass,
deteriorating the yield of responsible products. Accordingly, it is always important to measure the components in the
culture medium and to sustain the nutrient components during fermenter’s running. However, no satisfactory technique
has been established for reflecting the measurement results in fermenter control. An attempt has been made to make
a model of a biomass growing process by a differential equation of reaction dynamics, though no computer-aided control
method, which combines both the techniques for modeling of the biomass growing process and achieving of hydrodynamic
conditions in the fermenter, has been reported.

SUMMARY OF THE INVENTION

[0005] To solve these problems, an object of the present invention is to provide the control device for fermenter, which
is capable of producing the biomass and/or components produced by the biomass at a high yield by applying the fluid
numerical simulation technique to reasonably find the running conditions suitable for the fermenter.

[0006] The presentinvention, which has attained the abovementioned object, is composed of a plurality of the following
means.

[0007] The control device for fermenter according to the present invention comprises; an input means connected to
the fermenter, in which biomass is cultured while oxygen gas is being blown into a culture medium and the culture
medium is being stirred, for entering measured data output from a measurement means for measuring nutrient compo-
nents, concentration of oxygen, concentration of carbon dioxide, and concentration of biomass in a medium; acomputation
means for calculating nutrient components uptake rate, oxygen uptake rate and carbon dioxide exhaust rate per unit
amount of biomass from the measured data entered at the aforementioned input means, as well as volumetric mass
transfer coefficient kLa from turbulent energy k and a turbulent energy dissipation rate e, both of which are calculated
by a transport equation, as well as a diffusion coefficient D, followed by calculating the concentrations of the nutrient
components, dissolved oxygen, and dissolved carbon dioxide in any area in the fermenter using an algorithm to numer-
ically integrate a differential equation describing variations in medium components over time from the calculated nutrient
components uptake rate, the calculated oxygen uptake rate, the calculated carbon dioxide exhaust rate, and the calculated
volumetric mass transfer coefficient kLa; and a display means for displaying concentration distributions of the nutrient
components, dissolved oxygen, and dissolved carbon dioxide in the fermenter based on the concentrations of the nutrient
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components, dissolved oxygen, and carbon dioxide in any area of the fermenter calculated at aforementioned computation
means.

[0008] According to the present invention, the variations of medium components over time and spatial distributions of
the nutrient components in the fermenter are calculated by combining the differential equation describing the medium
components with equations of fluid dynamics for numerical, discrete, and algebraic evaluation. This gives information
on how the biomass grows in the any region in the fermenter and on what kind of fluid field is suitable for biomass growth.
Moreover, the present invention provides the volumetric mass transfer coefficient k a as a function k a (k,e,D) among
k, €, and the diffusion coefficient D based on the result of an experimental study on the relationship among a mass
transfer coefficient for a turbulent field, and turbulent energy k and turbulent energy dissipation rate €. This allows the
volumetric mass transfer coefficient k a for the any region in the fermenter of any structure to be calculated based only
on the properties of the turbulent field and the values for gas properties without depending on the structure of the
fermenter. Therefore, the concentrations of the aforementioned medium components, as well as of oxygen, carbon
dioxide, and so on, can be calculated in the any point in the fermenter. Also, the structure of the fermenter suitable for
biomass growth can be determined. Further, the present invention provides the nutrient supply algorithm based on time
differential equations for the medium components by means of dynamic programming.

[0009] The control device for the fermenter and a fermentation unit according to the present invention can display the
distributions of dissolved oxygen concentration and dissolved carbon dioxide concentration on its display screen to
facilitate the determination of conditions suitable for biomass growth in the fermenter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010]

FIG.1 is a block diagram showing the structures of a control device for fermenter and a fermenter unit according to
the present invention.

FIG.2A and FIG. 2B show mesh data on the inside of the fermenter generated by a mesh data generator.

FIG.3 is a flowchart explaining an algorithm for sequentially, numerically, discretely, and algebraically integrating
the differential equations for time.

FIGS.4-1A, 4-1B, 4-1C, and 4-1D show an example of the results of computations indicated on a display, in which
FIG.4-1A is an example of the displayed flow rate vector; FIG.4-1B is an example of the displayed gas holdup ratio,
FIG.4-1C is an example of the displayed distribution of turbulent energy k, and FIG.4-ID is an example of the
displayed distribution of turbulent energy dissipation rate €.

FIGS.4-2E, 4-2F, 4-2G, and 4-2H show an example of the results of computations indicated on the display; in which
FIG4-2E is an example of the displayed distribution of volumetric oxygen transfer coefficient KLa, FIG.4-2F is an
example of the displayed distribution of Kolmogorov scale, FIG4-2G is an example of the displayed image of the
oxygen concentration distribution, and FIG.4-2H is an example of the displayed image of the carbon dioxide con-
centration distribution.

FIGS.5A and FIG. 5B show an example of a graph of the result of computations indicated on the display; in which
FIG.5A is an example of the displayed graph of the relationship between the rotation speed of impellers; and the
turbulent energy k and the turbulent energy dissipation rate €, and FIG. 5B is an example of a graph of the relationship
between the rotation speed of the impellers; and the total volumetric oxygen transfer coefficient Kla, the volumetric
liquid-surface oxygen transfer coefficient Kla,s, and the volumetric bubble-oxygen transfer coefficient Kla,b.

FIG.6 is a flowchart explaining a regula falsi algorithm for obtaining the amount of aerating oxygen.

FIG.7 is a Kolmogorov’s characteristic diagram being set the rotation speed as a parameter.

FIG.8 is a characteristic diagram showing the dissolved carbon dioxide concentration in the fermenter calculated
by evaluating the differential equations being set the rotation speed of the impellers 3 as a parameter under the
condition where the cell density Xa and the dissolved oxygen concentration Do are fixed.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0011] Now, by reference to the drawings, the control device for fermenter according to the present invention is
described in detail. As shown in FIG.1, the control device for fermenter according to the present invention controls the
fermentation unit having a fermenter 1, which cultures the biomass under given conditions. The fermentation unit com-
prises the fermenter 1, a aerating unit 2, which supplies a oxygen gas into the fermenter 1, impellers 3, which stire the
culture medium in the fermenter 1, a measurement unit 4, which measures the concentrations of oxygen, nutrients,
biomass, or the like in the culture medium, a nutrient component feed unit 5, which supplies the nutrient components in
the culture medium, and a drive control unit 6, which supplies drive control signals to the aerating unit 2, the impellers
3, and the nutrient component feed unit 5 in the fermenter 1.
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[0012] As shown in FIG. 1, the control device according to the present invention comprises a mesh data generator 7,
which generates mesh data for the fermenter 1 based on shape data on the fermenter 1, a processor 8, which executes
computations in accordance with a running control program, memory 9, which stores the running control program, and
an output display 10, which indicates the results of computations executed at the processor 8. The control device
according to the present invention can be specifically implemented using hardware resources comprising an interface
for entering data output from the measurement unit 4 of the fermenter 1, an input device for entering the shape data on
the fermenter 1, or the like, the computation means such as a CPU, a memory means such as hard disk, nonvolatile
memory, and volatile memory, and an displaying means such as a display. Alternatively, the control device according
to the present invention may be implemented as an integrated type, which has been integrated in the fermenter unit.
This means that the present invention may implement the fermentation unit having the control device for fermenter.
[0013] The drive control unit 6, which is incorporated a PID (Proportional Integral Differential) control system, outputs
the control signals based on target control values calculated by the processor 8 using, for example measured values
input from the measurement unit 4 via the interface.

[0014] The measurement unit 4 may measure, for example the concentration of the biomass contained in the culture
medium sampled by a sampler, the components having positive effects on cell growth, and the components having
negative effects on cell growth and also measure the concentrations of dissolved oxygen and dissolved carbon dioxide
contained in the culture medium by a chromatographic system. The term "the components having positive effects on
cell growth" described herein includes the nutrient components such as glucose and glutamic acid. The term "the
components having negative effects on cell growth" described herein includes substances such as lactate and carbon
dioxide produced in the culture process.

[0015] The mesh data generator 7 enters data to be calculated by means of the input means so as to generate mesh
data, and sends it to the processor 8. The term "the input data" described herein are the shape data such as the diameter
and the height of the fermenter, the diameter width, and number of impellers of the fermenter; conditions such as an
impeller rotation speed and a sparger gas flow rate; and initial values data such as the initial concentrations of culture
medium components and biomass. The mesh data generated here may be output to the input data display unit, enabling
the target to be analyzed to be checked as shown in FIGS. 2A and 2B.

[0016] The processor 8 executes computations in accordance with the program stored in the memory 9. As shown in
FIG.3, the program comprises the algorithm, which numerically, discretely, and algebraically integrates the time differ-
ential equation. In other words, the program comprises a step 1, at which t is initialized to to; a step 2, at which a time
step is updated to t,.4; a step 3, at which A(t,,4) = A(t,)+At-f(A(t,)) is calculated; and a step 4, at which n = n,, is
determined.

[0017] Here, the differential equation n to be integrated at the processor 8 herein is an equation of motion (Navie-
Stokes equation) for a flow rate of flow ugm/s), which may be represented by:

[Formula 1]

’
-

In the formula (1), p is the density (kg/m?3) of a fluid, P is pressure (Pa), g is acceleration for gravity (m/s2), and v, is an
eddy viscosity coefficient (m?/s).

[0018] The differential equations integrated at the processor 8 are the transport equation of turbulent energy k (m2/s2)
represented by:

[Formula 2]

ok
— VK=V, Vk)+ £, -5 .

and the transport equation for the turbulent energy dissipation rate £ (m2/s3) represented by:
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[Formula 3]

a—5+(ﬁ, V)e =V -(v,Ve)+c, -Z-P,, —¢, % ,C,=1.44 C,=1.92

or 3

A turbulent energy production term P, (m?2/s3) is calculated by the following formula (4):

[Formula 4]

RERN A
P = ~v, —t L
* Z,,Zz [ax, 6x,J

4)

The eddy dynamic viscosity v, is calculated by the following formula (5):
[Formula §]

v,=c,

C,=009 o

kZ
£

It should be noted that in formulae (4) and (5), C4, C,, and CpL are model constants of a turbulent model.
[0019] A gas holdup ratio oy, in the culture medium is calculated by:

[Formula 6]

oo,
&

: V)ah = Sa (6)

In the formula (6), bubbles are assumed to move at a flow rate ug(m/s) different from the flow rate of flow u{(m/s). Where,
ug is obtained by:

[Formula 7]

(7

In the formula (7), uy is a bubble terminal velocity depending on a bubble diameter, which is often entered in the form
of input data or a function formula being set the bubble diameter as a parameter. It should be noted that the flow rate
of bubbles ug may be obtained by the dynamic equation similar to that in the formula (1); however, when the bubbles
have any of smaller diameters, it is convenient to use the formula (7). The formulae (1) to (7) may be used to calculate
the flow rate and gas holdup distributions in the fermenter.

[0020] The transport equation of cell density (Xa)(cells/mL) of the cells transported at a flow rate u;, which is integrated
at the processor 8, is represented by:
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[Formula 8]

ax,
S+ (dl, V)X, =V VX,)= 4K, = KX, ®

In the formula (8),  is a specific growth rate (1/s) and Kd is a death rate (1/s). The transport equation of the medium
component transported at the flow rate u;, for example glucose (Glc) transported at the flow rate u;, which is integrated
at the processor 8, is represented by:

[Formula 9]

oGlc
o

+(, -V)Gle-V-(vVGle)=-q,.X, )

Similarly, the transport equation of the medium component, for example glutamine (GIn) transported at the flow rate u;
is represented by:

[Formula 10]

oGin

+(i,-V)GIn-V -(vVGIn) = -q,, X, — & ,GIn (10)

gin

The transport equation of the medium component, for example lactate (Lac) transported at the flow rate u is represented
by:

[Formula 11]

dLac

+(i,-V)Lac-V-(vVlac)=q,, X, ~ K Lac (11)

The transport equation of the medium component, for example ammonia (Amm) transported at the flow rate v is rep-
resented by:

[Formula 12]

dAmm

+(#, -VYAmm -V (v VAdmm)=q .. X +Kkg,GIn (12)

It should be noted that the medium components are not limited to these substances and the transport equation may be
described for any of the biological metabolites involved in mammalian cell culture.

[0021] Informulae (8)to(12),therightsides are reaction dynamics model equations, which describe growth, production,
and consumption of the cells (formula (8)) and medium components (formulas (9) to (12)) through the process of me-
tabolism. These reaction models are different depending on the type of a stem or cell line to be cultured. The models
applicable to the general processes of mammalian cell culture are exemplified by the following formulae.

[0022] In the formulae (8) to (12), the reaction equations extracted only for mammalian cells are represented by:
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[Formula 13]

aX
4 = -k, X
d’ .uXa Jd%a
dGle
o o
dGln
df = —qunXa - KGlnGln
dL
dfc = I.nch _Klm:Lac
dA
—'% = q/qmmXa + K(ilnGIn
Where,
[Formula 14]
p=u Gle ) Gin ) 1 1
" Gle+ K, Gln+K, 2] 2
Gie an |y4 Lac 14 Anun
Kl.ac KAmm
and
[Formula 15]
ky = ke
are defined.
In addition,
[Formula 16]
u Gie Glc-Glcs™ Gin Gin-Gini™
q,'c=—+’njc+ Gl e T = Gle ie e
oie =yt Mo T dea (Gle -Gicg™ )+ K G* e (Gin~Ging™ )+ K5
/u Gin Gln - Gln(();’"
= Mo, T qean in i
q{ll YGh, Gl qL.(‘I (GI"“‘GI}‘I(EII )+ K((;II"
GQroe = +m, g Gl
Lac YLM lLac Elac GIC + K(I‘;f.
H Gle Gle Gin Gin
m = +im nn +q; mm P o o ¢ mm vy o Amm
T Y T Gl K A Gy K
are defined.
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[0023] The transport equation for the dissolved oxygen calculated at the processor 8 is represented by:

[Formula 17]

an,
ot

+(#,-V)Dp =V -(v VD)) =~4p, X, + K| 40,(Dy, = D) + K, .a(Dy, ~D,) (19)
Similarly, the transport equation for dissolved carbon dioxide calculated at the processor 8 is represented by:

[Formula 18]

8D, .
ar + (ulr : V)Dco, -V (V:VD(:O, )=Gcor X, + KL.( '(),,bah(DC‘;), b D("or )+ Kl_,(.‘o, ,.\a.\-(D(c‘qo,..w - D(:o2 )

(14)

In both formulae (13) and (14), the left sides indicate a transport term in a flow field and the right sides indicate terms
for carbon dioxide production and consumption caused by mass transfer at a gas-liquid interface and metabolism. In
the formulae, qy, is the oxygen uptake rate (mg/cell-s) per unit cell and q¢q, is a carbon dioxide exhaust rate (mg/cell-s)
per unit cell. For mass transfer at the gas-liquid interface, the volumetric mass transfer coefficient k a is obtained by
multiplying a mass transfer coefficient velocity K| atthe gas-liquid interface and a specific surface area a, which comprises
of those at a bubble-liquid interface and at a gas-culture medium interface on the liquid free surface. A subscript b is
used for that of the bubble-liquid interface and a subscript S is used for that of the liquid free surface. The specific surface
area as (1/m) is obtained by dividing a liquid free surface area S, (m?) by the volume of the fermenter Vol (m3) (as =
Squri/Vol). The specific surface area a,, is obtained by a,, = 6a/Dp using a gas holdup ratio number density oy, and the
bubble diameter Dp(m). The gas holdup ratio number density o, is obtained by the aforementioned formula (6). S is
bubbles holdup blown from the sparger at an interval of unit time.

[0024] In the aforementioned formula,

[Formula 19]

,um,k(,o,a,K,.,K},Y,,m,,q,:.,.’,lc}.(i,j =Gle,Gln, Lac, Amm)
are experimental constants used in the reaction dynamics model, respectively, and

[Formula 20]
Dois Do's  Detap Dels

are the concentration of dissolved oxygen, which comes to balance a partial pressure of oxygen in the bubbles, the
concentration of dissolved oxygen, which comes to balance a partial pressure of oxygen on the liquid surface, the
concentration of dissolved carbon dioxide, which comes to balance a partial pressure of carbon dioxide in the bubbles,
and the concentration of dissolved carbon dioxide, which comes to balance a partial pressure of carbon dioxide on the
liquid surface, respectively. In the formula (13), the oxygen gas in the bubbles and on the liquid free surface dissolves
into the liquid under the volumetric oxygen transfer coefficient K, |, a, or K|, ¢ a5, and oxygen of q,, per cell unit and
per time unit are consumed by a cell. In the formula (14), carbon dioxide of q.y, per cell unit and per time unit are
exhausted from a cell, and transferred in the form of gas from the liquid into the bubbles and on the liquid free surface
under the volumetric carbon dioxide transfer coefficient K| ;.o pa, and K, o2 ; s8¢ and finally purged out from the
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fermenter 1.

[0025] Each of mass transfer velocities KLM (i =O,CO,, j=b,S) described herein is given as a function of only the
turbulent energy k, the turbulent energy dissipation rate €, and the diffusion coefficient Di (i =O, CO,) that is a property
value, and does not depend directly on the size of the fermenter 1, the bubble diameter, and so on. The turbulent energy
k and the turbulent energy dissipation rate € are calculated by the formulae (2) and (3) in the algorithm and thereby, they
may be obtained at any point in any fermenter 1 only by means of computations with no experiment.

[0026] According to the present invention, the use of these volumetric mass transfer coefficients allows the fluid state
in any shape of fermenter, as well as all the concentration distributions of the biomass metabolite, aerating gas, and
dissolved gas to be obtained by means of computations and therefore, the shape and culture conditions of the fermenter
1 suitable for biomass culture may be known.

[0027] The results of computations executed at the processor 8 are sent to the display unit 10 and displayed. The
display unit 10 may display the results of computations in the form of distribution images and/or graphs. The examples
of distribution images are shown in FIGS.4-1A to 4-1D and FIGS.4-2A to 4-2H. FIG.4-1A shows an example of the
displayed image of a flow rate vector, FIG.4-1B shows an example of the displayed image of the gas holdup ratio, FIG.
4-1C shows an example of the displayed image of the distribution of the turbulent energy k, FIG.4-ID shows an example
of the displayed image of the distribution of the energy dissipation rate €, FIG.4-2E shows the displayed image of the
distribution of the volumetric oxygen transfer coefficient Kla, FIG.4-2F shows the displayed image of the Kolmogorov
scale distribution, FIG.4-2G shows an example of the displayed image of the oxygen concentration distribution, and FIG.
4-2H shows an example of the displayed image of the carbon dioxide concentration distribution.

[0028] Examples of the displayed graphs are shown in FIGS.5A and 5B. FIG.5A shows an example of the displayed
graph of the relationships between the impeller rotation speed, and turbulent energy k and the turbulent energy dissipation
rate €. FIG5.B shows an example of the displayed graph of the relationship between the impeller rotation speed, and
the total volumetric oxygen transfer coefficient Kla, the volumetric liquid-surface oxygen transfer coefficient Kla,s, and
the volumetric bubble-oxygen transfer coefficient Kla,b.

[0029] Thus, according to the control device for fermenter of the presentinvention, displaying the results of computation
executed at the processor 8 may give quantitative information on the condition inside the fermenter 1. For example, as
shown in FIGS.4-1 and 4-2, it is clear that according to the control device for fermenter of the present invention, the
turbulent energy k and the turbulent energy dissipation rate € take relatively larger values around the impellers and the
volumetric oxygen transfer coefficientK|_, ,a, also takes a larger value as afunction of these factors around the impellers.
As known from FIG. 5A, as the impeller rotation speed increases, the flow rate in the fermenter becomes higher and k
and e increase accordingly, while the turbulent energy k increases in proportion to the square value for the rotation speed
and the turbulent energy dissipation rate € increases in proportion to the cubic value for the rotation speed. As shown
in FIG.5B, regarding the volumetric oxygen transfer coefficient, the dependency of K_, ,a, for bubbles and K|, ca, for
the liquid surface on the rotation speed is different. This is because the dependency of average k and € values in the
fermenter 1 on the rotation speed is different from the dependency of k and ¢ values in the vicinity of the liquid free
surface on the rotation speed.

[0030] According tothe control device for fermenter of the presentinvention, itis preferable that the differential equations
describing the variations of the medium components over time in the aforementioned formulae (8) to (12) are modified
to the differential equations suitable for different culture conditions. This means that it is preferable that the variations
of the medium components over time depend on the cell line being cultured and the culture environment and thereby,
the experimental constants are determined so that suitable differential equations may be established.

[0031] To achieve this, the processor 8 processes time-series measured data sent from the measurement unit 4
equipped in the fermenter 1 to determine the experimental constants for the differential equations, which best reflect the
time-series measured data. In this case, itis assumed that no spatial distribution is included in the experimental constants
for the differential equations. The component concentrations measured in the actual fermenter 1 generally can give only
information on the averages of the components in the fermenter 1 and thereby, to obtain the detail spatial distributions,
fluid dynamics calculations in the aforementioned formulae (1) to (7) are requisite. Accordingly, the differential equations
given herein are assumed to describe the variations in spatial average concentrations of the medium components.
[0032] Specifically, the processor 8 takes differences between the calculated values for a historical curve of component
concentration, which are obtained by numerically integrating the differential equations of the medium components and
the values for a historical curve measured to determine the experimental constants, for which the differences between
these values take the minimum values. For example, assuming that a set of components in the aforementioned formulae
(8) to (12) is Xi (I = cell density, glucose, glutamine, lactate, ammonia) and a set of experimental constants is Kj (j =
1,m), a set of the differential equations may be formally represented by:
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[Formula 21]

dx
—;1;‘. = -fi(‘xl’-nxn’Kl ”'Km)
Defining that the observed data is Xi°Ps (t) and the calculated value is Xica! (t), the calculated value is obtained by:

[Formula 22]
%(0)=x,0)+ [ £,(0-%,, K, K, )dr

Taking the square value of the difference between the measured value and the calculated value and representing a
function G by:

[Formula 23]
G(K,--K,)= f’z'[x,(o)Jr [ f,.(x,,~--x,,,K,,---K,,,)dr—x{”’"(t)]zdt

the function G is represented as a function of the experimental constant Kj(j = 1,m). Accordingly, the model constant K|
(j = 1,m), for which the function G takes the minimum value, may be obtained by the extreme-value search theory, for
example, the sequential quadratic programming or conjugate gradient method. This method may be applicable provided
that the differential equation has been formulated with several experimental constants included and is not affected by
the actual differential equation. Alternatively, a method, by which a Kalman filter is structured, may be applied in se-
quentially obtaining the experimental constants. Using the experimental constants obtained in this way in executing the
computations based on the aforementioned formulae (1) to (12), the results of computations approximate to the actual
fermenter conditions may be obtained. This is useful in improving the accuracy of control of the fermenter.

[0033] It is preferable that in the control device for fermenter according to the present invention, the processor 8
calculates the target value for control and the drive control unit 6 generates the drive control signals based on the target
value for control. The drive control signals generated at the control device for fermenter according to the presentinvention
control the aerating unit 2, the impeller 3, and the nutrient component feed unit 5 in the fermenter 1 to establish desired
conditions in the fermenter 1.

[0034] The amount of oxygen gas aerated into the fermenter 1 by controlling the aerating unit 2 is determined in the
process described, below.

[0035] First of all, the target value for control is calculated in terms of the preset target value for a concentration of
dissolved oxygen in the following manner. When the cell density Xa and agitation rotation speed rpm to increase the
amount of aerating oxygen So are increased and the dissolved oxygen concentration Do that is obtained by integrating
the differential equations, is a monotone increasing function of the amount of aerating oxygen So. Accordingly, using,
for example, the regula falsi algorithm shown in FIG.6, the amount of aerating oxygen So may be obtained. This means
that the operator: enters the amount of biomass (X), the rotation speed (rpm) of the impellers 3, and the target value for
dissolved oxygen concentration (Do) at the input unit (step 10); reads the preset the maximum amount of aerating gas
Smax (€:9- Smax = 1018) and specifies the minimum amount of aerating gas S, (€.9., Smin= 0) (step 11); and sets the
amount of aerating gas So (e.g., So = (S« + Smin)/2) (step 12). Next, the dissolved oxygen concentration Do in the
fermenter 1 is calculated based on the differential equations in the formula (13) at the processor 8 (step 13). Next, The
calculated dissolved oxygen concentration Do and the target value entered at the step 10 are compared (step 14) and
if the calculated dissolved oxygen concentration agrees with the target value, the processing is terminated. If the calculated
dissolved oxygen concentration does not agree with the target value and exceeds it (step 15), the amount of aerating
gas Sois re-set to S, 5 (step 16) and if the calculated dissolved oxygen concentration does not exceed the target value
(step 15), the amount of aerating gas So is re-set to S, (step 16). Finally, the step 11 and subsequent steps are
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repeated until the measured dissolved oxygen concentration Do agrees with the target value entered in the step 10.
[0036] For the agitation rotation speed of the impellers 3, a value suitable for the biomass to be cultured may be set.
Generally, an increase in rotation speed of the impellers 3 brings an increase in turbulent energy k and turbulent energy
dissipation rate €, which in turn, makes the volumetric oxygen transfer coefficient larger to facilitate dissolution of the
oxygen gas into the culture medium. Accordingly, for example, in culturing microorganisms, the target value for control
over the agitation rotation speed may be set to the maximum rotation speed under the constraint of an agitation power.
[0037] On the other hand, in culturing mammalian cells, the target value for control over the agitation rotation speed
should be determined based on two factors, namely cell death due to shear stress and accumulation of dissolved carbon
dioxide. When an increase in agitation rotation speed results in the increased flow rate in the fermenter 1, some of the
cells come to death due to hydrodynamic shear stress. Therefore, running the impellers 3 at too high rotation speeds is
not preferable in culturing the mammalian cells. The shear rate v of the flow represented by;

[Formula 24]

— — 2
_ (2, o
r= ZZ[GM+BXiJ

=) j=|
and the Kolmogorov’s eddy length scale 1 represented by:

[Formula 25]

are known to be indicators for the occurrence of cell death. If y exceeds a given value y,,,, in the flow rate field in the
fermenter, it is determined that the cell death occurs. Similarly, if the Kolmogorov’s eddy length scale 1 is smaller than
cell’s size scale nc, it is determined that the cell death occurs. In the present invention, all the flow rate gradients dui/
dxj and the turbulent energy dissipation rates € may be numerically obtained and therefore, either value of y or n may
be calculated at any point in the fermenter. By reference to the value, the probability of cell death may be estimated.
[0038] The example of the displayed image of the Kolmogorov scale distribution calculated at the control device
according to the present invention is shown in FIG.4-2F. An example of the displayed graph of the Kolmogorov scale
using the rotation speed as a parameter is shown in FIG.7. With the control device according to the present invention,
based on the graph shown in FIG.7, the possibility of cell death depending on the agitation rotation speed of the impellers
3 may be estimated and the agitation rotation speed of the impellers 3 may be optimized.

[0039] The agitation rotation speed of the impellers 3 affects the dissolved carbon dioxide concentration in the culture
medium. If the dissolved carbon dioxide concentration in the culture medium increases, the growth rate of cells deteri-
orates. FIG.8 shows the dissolved carbon dioxide concentration in the fermenter 1 obtained by solving the differential
equations using the rotation speed of the impellers 3 as a parameter under the fixed conditions of cell density Xa and
the dissolved oxygen concentration Do. As known from FIG.8, when the rotation speed of the impellers 3 increases, the
dissolved carbon dioxide concentration in the fermenter 1 reduces. This is because that with the increased rotation
speed, the volumetric carbon dioxide transfer coefficient in the bubbles or on the liquid free surface becomes large and
thereby, the speeds of transforming the dissolved carbon dioxide from the biomass transforms into the liquid phase, and
purging the dissolved carbon dioxide from the fermenter 1 through the liquid free surface increase. The control device
of the present invention allows the possibility of cell death depending on the agitation rotation speed of the impellers 3
to be estimated based on the graph shown in FIG.8 and the agitation rotation speed of the impellers 3 to be optimized.
[0040] Based on the graph illustrating the Kolmogorov scale shown in FIG.7 and the graph illustrating the dissolved
carbon dioxide concentration shown in FIG.8, the rotation speed of the impellers 3, at which the dissolved carbon dioxide
concentration is minimized under such a condition that cell death does not occur, may be determined.

[0041] In addition, the processor 8 according to the present invention determines the amount of aerating gas supplied
into the fermenter 1 and the target value for control over the rotation speed of the impellers 3, as well as the target value
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for control over nutrient supply. Under control over nutrient supply, the cells are continuously cultivated while the nutrient
components consumed in the culture process are additionally supplied together with the fresh culture medium, which is
called the Fed Batch method. In the Fed Batch method, the medium is continuously added with no medium extracted
and thereby, the amount of liquid increases as the culture process advances. In culturing the mammalian cells, such
nutrient components (the components positively involved in cell growth) as glucose, glutamine, amino acid, and serum
are supplied. No medium is extracted and therefore, lactate and ammonia accumulate with no reduction in their amounts.
[0042] Focusing on the differential equations describing the variations in the medium components over time shown
in the aforementioned formulae (9) to (12), the following quantitative information may be given. Decreases in glucose
and glutamine reduce the cell growth rate, inhibiting an increase in cell count. Assuming that the yield of the product is
proportional to the cell count, it is considered that supplying sufficient amounts of glucose and glutamine increases the
yield of the product. On the other hand, focusing on the differential equations describing the variations in lactate and
ammoniaovertime, itis considered thatincreases in glucose and glutamine make the lactate and ammonia concentrations
higher, while increases in lactate and ammonia (the components negatively involved in cell growth) inhibit the cell growth
rate. Accordingly, it is possible that at any optimal concentrations of glutamine and glucose, the cell count and the yield
of the product are maximized. It is preferable that the control device according to the present invention optimally controls
the supply of the medium components such as glucose and glutamine. Specifically, the processor 8 calculates the target
value for control by means of dynamic programming shown in the following procedure using the differential equations
in the aforementioned formulae (9) to (12). The calculated target value for control is input into the drive control unit 6.
The drive control unit 6 generates the drive control signals based on the entered target value for control in order to
control the supply of the medium components by the feed unit 5.

[0043] First of all, assuming that a set of cell density, lactate and ammonia (the components negatively involved in
cell growth) is a state variable when the differential equations in the formulae (9) to (12) are given,

[Formula 26]

x=(X,Lac,Amm)

is established. Assuming that glucose and glutamine (the components positively involved in cell growth) are supplied
from the nutrient feed unit and the concentrations of glucose and glutamine are control variables,

[Formula 27]

v = (Glc,Gln)

is established. Then, a set of differential equations in the formulae (9) to (12) may be formally described by:

[Formula 28]

If a time axis is divided into N portions in the chronological order, the state vector at a time n+1 is obtained using the
value at a time n by:

[Formula 29]

xn-»-l = xn + f(xn9 vn )Af = h(xn’ vn
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The yield of the product is considered to be proportional to the cell density and therefore, assuming that a target function
is described as

[Formula 30]

N
G = fXathZg(x;ﬁvn)

n=0

so as to obtain the target value for maximizing G, V, = v(x,) [n = 0, 1, ..., N]. Where, g(x,,,v,,) is an integral value for a
discrete minute area represented by:

[Formula 31]

g(xn’vn)z J'”andt:Xa(tn)At'*_(dj;a) T~
n

The expression giving the maximum value for G,

[Formula 32]

Fy(x,) = %ﬁf[g(xoavo)"‘g(xl ’V1)+"‘+g(stvN)]
is defined. Where, X is an initial value for the state variable. In this case,

[Formula 33]

F;l (xN—n) = /E{fx[g(xN—n’ vN—n) + Fn-l (h(xN—n’ vN—n))]
= A’{fx[g(xo’ Vo)+Fy (h(xo’ Vo))]

are established. These relational expressions deduce a recursive expression

[Formula 34]
F(x0) = M| (3, %)+ Maxlg (R v, )4+ 80,7,

at any time n with no loss of generality.
[0044] When the aforementioned recursive expression is used, an arithmetic algorithm for dynamic programming
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behaves as described below. It is assumed that a domain, in which the state variable X may take a value, is x € Q3 and
a domain, in which the control variable V may take a value, is V € A2. To execute numeric calculations, the domain Q3
for the state variable and the domain A2 for the control variable are made discrete as long as the memory capacity of a
computer accepts. Specifically, this means that for example, the cell density is divided into 10 domain elements from
106 cells/mL to 107 cells/mL in increments of 108 cells/mL, the concentration of lactate is divided into 10 domain elements
from 0 to 1000 mg/L in increments of 100 mg/L, and the concentration of ammonia is divided into 10 domain elements
from 0 to 100 mg/L in increments of 10 mg/L. Accordingly, the domain Q3 is divided into 1000 domain elements Q3 i (I
=1, ..., 1000). Similarly, assuming that for example, the concentration of glucose is divided into 10 domain elements
from 0 to 2000 mg/L and the concentration of glutamine is divided into 10 domain elements from 0 to 1000 mg/L, the
domain A2 for the control variable is divided into 100 domain elements A2j(j =1, ..., 100).

[0045] First of all, x € Q3; for each of domain elements is obtained by:

[Formula 35]

Fo(xy) = {\{feck;c[g(xA,, vl

In this case, Vy € A2J-, which gives the maximum value, is different for each xy e Q3i and thereby, vy, which gives the
maximum value, is vy = vy(Xy), @ function of xy. This is stored in memory.
[0046] Next, for each xy.q € Q3

[Formula 36]
F(xy)= Avl":’x[g(xr\r-l’VN-|)+ Fo(h(x,v—nvw—t))]

is calculated. In this case, the second term in the right side has been already determined because of the following;

[Formula 37]

F (h(xN-l AT )) = Fy(xy)

The V.1 = Vn.1(Xn-1), Which gives the maximum value for each x4 € Q3;, is stored. Subsequently, in the same manner
as that mentioned above,

[Formula 38]
Fy(-p) = Maxlg (X Voo )+ Byt (X Vo))
and V. = V.n(Xnon), Which gives the maximum value, are calculated. Finally,
[Formula 39]

Fy(xy)= ]V{ilx[g(xo, vo)+Fy (h(xo’ Vo))]

and vy = v(Xg) are calculated to complete a series of computations.
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[0047] v, =v(x,) [n=0, 1, ..., N] stored in memory through the aforementioned computation process is the target
control, X, [n=0, 1, ..., N] is a trajectory drawn by the state variable, and Fy(x) is the maximum variable for the target
function. In culturing cells, if a culture period is approximately 10 days and 24 hours/day are divided into 10 time elements,
the time axis division number N is 100 and if a domain Q3 for the state variable is divided into 1000 domain elements,
10°% array variables are required to store each V,, = v(x,) [n = 1, ..., N], which is the target control in the aforementioned
computation process. This requires a huge amount of memory capacity, however, the current computer sufficiently
addresses this requirement of memory capacity.

[0048] At the control device according to the present invention, the target value for control used in controlling the
amount of supplied medium components such as glucose and glutamine may be calculated by executing the aforemen-
tioned computation process at the processor 8. The target value for control calculated at the processor 8 is input into
the drive control unit 6. At the drive control unit 6, the drive control signals are generated based on the input target value
for control and the measured value read from the measurement unit 4 by for example, the PID control system. The drive
control signals are output into the nutrient component feed unit 6 so as to control the amount of nutrient components
supplied by the nutrient component feed unit 6. Accordingly, with the control device of the presentinvention, the fermenter
may be driven under the condition where the biomass growth rate is maximized.

Claims
1. A control device for fermenter comprising:

an input means connected to the fermenter, in which biomass is cultured while oxygen gas is being blown into
a culture medium and the culture medium is being stirred, for entering measured data output from a measurement
means for measuring nutrient components, concentration of oxygen, concentration of carbon dioxide, and con-
centration of biomass in a medium;

a computation means for calculating nutrient components uptake rate, oxygen uptake rate and carbon dioxide
exhaust rate per unit amount of biomass from the measured data entered at the aforementioned input means,
as well as volumetric mass transfer coefficient kLa from turbulent energy k and a turbulent energy dissipation
rate e, both of which are calculated by a transport equation, as well as a diffusion coefficient D, followed by
calculating the concentrations of the nutrient components, dissolved oxygen, and dissolved carbon dioxide in
any area in the fermenter using an algorithm to numerically integrate a differential equation describing variations
in medium components over time from the calculated nutrient components uptake rate, the calculated oxygen
uptake rate, the calculated carbon dioxide exhaust rate, and the calculated volumetric mass transfer coefficient
kLa; and

a display means for displaying concentration distributions of the nutrient components, dissolved oxygen, and
dissolved carbon dioxide in the fermenter based on the concentrations of the nutrient components, dissolved
oxygen, and carbon dioxide in any area of the fermenter calculated at aforementioned computation means.

2. The control device for fermenter according to claim 1, wherein the aforementioned computation means compares
the calculated dissolved oxygen concentration and a preset targeted value for dissolved oxygen concentration so
as to generate a control signal for controlling the amount of oxygen gas to be supplied to the fermenter.

3. The control device for fermenter according to claim 1, wherein the aforementioned computation means calculates
avalue for an indicator of biomass death so as to generate a control signal for controlling a rotation speed of impellers
in the fermenter.

4. The control device for fermenter according to claim 1, wherein the aforementioned differential equation contains
experimental constants and the aforementioned computation means calculates the aforementioned experimental
constants so thatthe measured data entered at the aforementioned input means corresponds to data on the measured
value obtained by numerically integrating the aforementioned differential equation by a least squares method to re-
establish the aforementioned differential equation.

5. The control device for fermenter according to claim 1, wherein the aforementioned input means enters measured
data on biomass concentration, components having positive effects on biomass concentration, and components
having negative effects on cell growth, wherein when a formula calculating an yield of a product to be harvested is
a target function, a concentration of the component having negative effects on cell density and cell growth is a state
variable, and a concentration of the component having positive effects on cell growth is a control variable, the
aforementioned computation means divides variance ranges of the state variable and the control variable into a
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finite number of partial regions, respectively, so as to generate control signals for time series supply of the components
having positive effects on cell growth such that the target function can be maximized using dynamic programming.

A fermentation unit comprising:

a fermenter, in which biomass is cultured while oxygen gas is being blown into a culture medium and the culture
medium is being stirred;

a measurement means connected to the aforementioned fermenter for measuring nutrient components, con-
centration of oxygen, concentration of carbon dioxide, and concentration of biomass in a medium in the fermenter;
an input means for entering measured data regarding at least nutrient components, concentration of oxygen,
concentration of carbon dioxide, and concentration of biomass in a medium in the fermenter, which are measured
at the aforementioned measurement means

a computation means for calculating nutrient components uptake rate, oxygen uptake rate and carbon dioxide
exhaust rate per unit amount of biomass from the measured data entered at the aforementioned input means,
as well as volumetric mass transfer coefficient kLa from turbulent energy k and a turbulent energy dissipation
rate e, both of which are calculated by a transport equation, as well as a diffusion coefficient D, followed by
calculating the concentrations of the nutrient components, dissolved oxygen, and dissolved carbon dioxide in
any area in the fermenter using an algorithm to numerically integrate a differential equation describing variations
in medium components over time from the calculated nutrient components uptake rate, the calculated oxygen
uptake rate, the calculated carbon dioxide exhaust rate, and the calculated volumetric mass transfer coefficient
kLa; and

a display means for displaying concentration distributions of the nutrient components, dissolved oxygen, and
dissolved carbon dioxide in the fermenter based on the concentrations of the nutrient components, dissolved
oxygen, and carbon dioxide in any area of the fermenter calculated at aforementioned computation means.

The fermentation unit according to claim 6, further comprising: an oxygen gas feed unit for feeding an oxygen gas
into the fermenter based on a control signal,

wherein the control signal is calculated by comparing the dissolved oxygen concentration that are calculated by the
aforementioned computation means and a preset targeted value for dissolved oxygen concentration at the afore-
mentioned computation means and the the control signal controls the amount of oxygen gas to be supplied into the
fermenter.

The fermentation unit according to claim 6, wherein, the value for the indicator of biomass death is calculated at the
aforementioned computation means and the rotation speed of the impellers in the fermenter is controlled based on
the control signal generated at the aforementioned computation means.

The fermentation unit according to claim 6, wherein the aforementioned differential equation contains experimental
constants and the aforementioned computation means calculates the aforementioned experimental constants so
that the measured data entered at the aforementioned input means corresponds to data on the measured value
obtained by numerically integrating the aforementioned differential equation by a least squares method to re-establish
the aforementioned differential equation.

The fermentation unit according to claim 6, further comprising:
a feed unit for supplying the components having positive effects on cell growth in the fermenter,

wherein the aforementioned measurement means measures a data on biomass concentration, components having
positive effects on cell growth, and components having negative effects on cell growth,

wherein when a formula calculating an yield of a product to be harvested is a target function, a concentration of the
component having negative effects on cell density and cell growth is a state variable, and a concentration of the
component having positive effects on cell growth is a control variable, the aforementioned computation means
divides variance ranges of the state variable and the control variable into a finite number of partial regions, respec-
tively, so as to generate control signals for time series supply of the components having positive effects on cell
growth such that the target function can be maximized using dynamic programming, and

wherein the feed unit supplies the components having positive effects on cell growth in the fermenter based on the
control signals for time series supply.
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